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(57) The present invention relates generally to a 
method and apparatus for evaluating the resistivity of 
invaded formations at high apparent dip angle. A multi- 
array induction tool having a plurality of arrays is dis- 
posed in a borehole. Signals from a subset of coils of 
the array are selected to probe different volumes of the 
formation surrounding the borehole. The maximum en- 
tropy method is used to process data from the subset of 
coils to effectively remove distortions produced by 
shoulder and dip effect in the presence ol shallow, mod- 
erate, or deep invasion. After processing the data, the 
resulting multi-array induction log will indicate a conduc- 
tivity profile for the subset of coils which is substantially 
identical to that of an array in a thick bed, without dip or 
layering, with the same invasion profile. A 1 D radial in- 
version of the resulting logs at each point in depth will 
give a closer estimate of the actual formation parame- 
ters, R^, R t , and the invasion radius. 
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Description 

Background of the Invention 

5 [0001] The present invention relates generally to a method and apparatus for evaluating the resistivity of a borehole 
using a multi-array induction sonde, and more particularly, to a method and apparatus for evaluating the resistivity of 
invaded formations at high apparent dip angle. 

[0002] It is important to the oil and gas industry to know the nature and characteristics of the various sub-surface 
formations penetrated by a borehole because the mere creation of the borehole usually does not provide sufficient 

10 information concerning the existence, depth location, quantity, etc., of oil and gas trapped in the formations. One com- 
monly used tool is the induction logging sonde. Induction devices employ alternating currents in transmitter coils to set 
up an alternating magnetic field in the surrounding conductive formation. This changing magnetic field induces current 
loops in the formation that are detectable by a receiver coil in the induction sonde. The voltage detected at the receiver 
coil will vary inversely with the resistivity of the formation. U. S. Pat. Nos. 3,340,464; 3,147,429; 3,179,879; 3,056,917; 

is and 4,472,684 are illustrative of typical prior art well logging devices which utilize the basic principles of induction 
logging. 

[0003] The maximum entropy method has been utilized in the well logging industry to obtain inversions of instrumen- 
tally blurred and noisy data. U. S. Pat. No. 5,210,691 issued to Freedman et al., the disclosure of which is incorporated 
by reference into this specification, describes a maximum entropy method for inverting induction log data. The method 

20 involves setting up a series of thin earth layers and solving for the conductivity of each layer that closely produces the 
observed logs. The reconstructed th in layer sequence can be shown to be a close approximation to the actual formation. 
The maximum entropy method improves the resolution and accuracy of the estimated resistivity of the uninvaded virgin 
zone, R t . This method is exact only when there is no invasion of drilling fluids into the formation. The maximum entropy 
method inversion results in resistivities which are different from R t in the presence of invasion. A quasi-Newton algorithm 

25 based on a maximum entropy method Lagrangian functional has been applied to invert induction log data in dipping 
beds. See Gerald N. Minerbo, Inversion of Induction Logs in Dipping Beds, 1989 PROCEEDflQGS FROM THE 
PROGRESS I N ELECTROMAGNETIC RESEARCH SYMPOSIUM 293-294. However, this algorithm is exact only when 
there is no invasion of drilling fluids into the dipping beds. 

[0004] Evaluation of induction logs in highly deviated wells or in formations with high dip angle is complicated by the 
30 large volume of investigation of the induction logging tool Fig. 1 shows in the vertical segment the focusing developed 
for vertical wells which concentrates the response within the layers (A). Referring to Fig. 2, when the hole is deviated, 
or when the beds dip with respect to the borehole, the focused response includes layers (B). Fig. 3 shows a computed 
multi-array induction log in a formation. The log on the right is computed at zero dip or deviation, showing excellent 
focusing using prior art processing techniques. The log on the left is computed at 70° dip. As suggested by Fig. 2, the 
35 high dip angle log shows a blending of adjacent layers. The effect of dip on the induction log makes beds appear 
thicker, thin beds are more affected than thick beds, and resistive beds are more affected than conductive beds. The 
resistivity measurement is a blending of the adjacent layers. 

[0005] U. S. Pat. No. 5,184,079 issued to Thomas D. Barber, the disclosure of which is incorporated by reference 
into this specification, is directed to a method and apparatus for eliminating the effects of apparent dip introduced in 

40 the induction log. Barber describes a dip correction algorithm, adapted to be used in association with a well logging 
truck computer which produces an induction log, for correcting an error introduced in the induction log by dip effect by 
means of inverse filters which are computed using log response functions derived from simple dipping formation models. 
The dip correction algorithm is exact only when there is no invasion of drilling fluids into the formation. None of the 
heretofore known methods which evaluate the resistivity of a formation also evaluate the resistivity of invaded forma- 

45 tions at high apparent dip angle. 

Summary of the Invention 

[0006] The above disadvantages of the prior art are overcome by means of the subject invention. The method for 
50 evaluating the resistivity of invaded formations at high apparent dip angle utilizing a multi-array induction tool having 
a plurality of arrays disposed in a borehole comprises the steps of selecting a subset of arrays from the plurality of 
arrays, obtaining voltage signal data from the subset of arrays, and repeatedly determining an initial estimate of the 
conductivity profile of the formation from the obtained data. Model voltages associated with each of the initial estimates 
of the conductivity profile are determined. The initial estimates of the conductivity profile are updated to produce a 
55 plurality of updated conductivity profiles using the respective incremental values of the model voltages. The plurality 
of updated conductivity profiles are compared with the respective plurality of initial estimates-of the conductivity profiles 
and tested to determine whether one of the plurality of updated conductivity profiles satisfies a convergence test criteria. 
The desired updated conductivity profile is recorded and an estimate of the formation parameters R^, R t , and the 
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invasion radius are determined. 

[0007] An alternate method for evaluating the resistivity of invaded formations at high apparent dip angle utilizing a 
multi-array induction tool having a plurality of arrays disposed in a borehole comprises the steps of determining an 
apparent dip angle representing an angle between a longitudinal axis of the borehole and an axis perpendicular to the 

s bedding planes, selecting a subset of arrays from the plurality of arrays, and obtaining voltage signal data from the 
subset of arrays. The data for the subset of arrays is converted to True Bed Thickness (TBT) format and processed to 
remove the geometric distortion. The converted data for the subset of arrays is processed with two filters h(a1) and h 
(a2) where h(a1) is a function of one of the two nearest defined dip angles and filter h(a2) is a function of the other of 
the two nearest defined dip angles to produce two formation parameters, sigma F (a1) and sigma F (a2), associated with 

10 a formation traversed by a borehole at the nearest defined dip angles. By interpolating, a value for sigma F is determined 
based on the two nearest defined dip angles, the two formation parameters sigma F (a1 ) and sigma F (a2), and the ap- 
parent dip angle. An estimate of the formation parameters R^, R t , and the invasion radius are determined. 

Brief Description of the Drawings 

75 

[0008] The advantages of the present invention will become apparent from the following description of the accom- 
panying drawings. It is to be understood that the drawings are to be used for the purpose of illustration only, and not 
as a definition of the invention. 
[0009] In the drawings: 

20 

Fig. 1 illustrates formation current density at zero dip; 

Fig. 2 illustrates formation current density crossing bed boundaries in a deviated borehole; 
Fig. 3 shows a log at zero dip compared with a log in a borehole deviated 70°; 
Fig. 4 depicts a multi-array induction tool connected to a processing system; 
25 Fig. 5 is a flow chart illustrating a maximum entropy method for evaluating the resistivity of invaded formations at 

high apparent dip angle; 

Fig. 6 shows the log of Fig. 2 processed with the maximum entropy method of Fig. 5; 

Fig. 7 shows a log of an invaded formation at 60° dip processed with the maximum entropy method of Fig. 5; 
Fig. 8 overlaps data provided by the subset of arrays in thick beds of vertical wells with the same invasion profile 
30 as a well at 60° dip; 

Fig. 9 overlaps data provided by the subset of arrays in thick beds of vertical wells with the same invasion profile 
as a well at 75° dip; 

Fig. 10 diagrammatically illustrates an estimate of formation parameters R^, R t , and the invasion radius in the 
formation of Fig. 7 after application of maximum entropy processing followed by 1 D radial processing ; and, 
35 Fig. 1 1 is a flow chart illustrating a dip correction method for evaluating the resistivity of invaded formations at high 

apparent dip angle. 

Detailed Description of the Preferred Embodiment 

40 [0010] Referring to Fig. 4, an induction logging system is illustrated. The system includes an induction sonde 10 
disposed in an earth formation traversed by a borehole 50 and connected via a wireline 46 to a processing system 48 
disposed at the borehole surface for processing signals transmitted uphole by the induction sonde 10. The induction 
sonde 10 includes a sensor array comprising a transmitter coil 24 disposed in the center, a plurality of bucking coils 
and receiver coils disposed on one side of the transmitter coil 24, and a further plurality of bucking coils and receiver 

45 coils disposed on the other side of the transmitter coil 24. For example, as illustrated in Fig. 4, the following bucking 
coils and receiver coils exist on a first side of the transmitter coil 24: the 6 inch bucking coil 26, the 6 inch receiving 
coil 28, the 12 inch bucking coil 30, the 12 inch receiver coil 32, the 21 inch bucking coil 34, the 21 inch receiver coil 
36, the 39 inch bucking coil 38, the 39 inch receiver coil 40, the 72 inch bucking coil 42, and the 72 inch receiver coil 
44. In addition, the following bucking coils and receiver coils exist on the other side of the transmitter coil 24: the 9 inch 

so bucking coil 22, the 9 inch receiver coil 20, the 15 inch bucking coil 18, the 15 inch receiving coil 16, the 27 inch bucking 
coil 14, and the 27 inch receiver coil 12. The reference to inches refers to the distance between the transmitter coil 
and the receiver coil. However, since each particular receiver coil has a corresponding bucking coil for canceling out 
the mutual inductance between the transmitter coil and the particular receiver coil, the distance identifier for the receiver 
coil is also retained for its corr sponding bucking coil. This sensor array is adequately described in U. S. Pat. No. 

ss 5,157,605 issued to Chandler et al., the disclosure of which is incorporated by reference into this specification. 

[0011] In a preferred embodiment of the invention, signals from a subset of coils 12, 16, 20, 28, 32, 36, 40, and 44 
of the array are selected to probe different volumes of the formation surrounding the borehole. The method of the 
subject invention uses the maximum entropy method described in U. S. Pat. No. 5,210,691 to process data from the 
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subset of coils to effectively remove distortions produced by shoulder and dip effect in the presence of shallow, mod- 
erate, or deep invasion (shoulder effect is the response of the induction arrays to formation beds above and below the 
zone of interest). After processing the data, the resulting multi-array induction log will indicate a conductivity profile for 
the subset of coils which is substantially identical to that of an array in a thick bed, without dip or layering, with the 

5 same invasion profile. The subject invention presents an advantageous means for determining the radial depth of 
investigation of the subset of coils. Laboratory simulations indicate that the subset of coils has an equivalent depth of 
investigation of the deeper array within the subset. For example, if the subset of coils consists of the 12 inch, 21 inch, 
and 27 inch coils, the resulting depth of investigation of the subset is equal to that of the 27 inch array 
[0012] To apply the maximum entropy method to induction log inversion, a Lagrangian functional £ {a(z)} is con- 

10 structed of the formation conductivity A standard Lagrangian functional used in maximum entropy method inversion 
applications can be written in the form, 



75 
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£{^)} = -aS{*{ Z )} +z >{o(z)} + fi)a{^>)\ (1) 

where a>0 and p>0 are adjustable parameters. An exponential transformation, 

o(z) = 7iexp(Q(z)), (2) 

is applied to the functional £. The minimization of the transformed functional is done with respect to q(z). The trans- 
25 formed logarithmic smoothing term can be expressed as a quadratic form (q\Hq). The functional derivatives of £ with 
respect to o~(z) and q(z) are simply related, i.e., 

52 5£ (3) 
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A stationary point of the transformed functional £ is obtained by setting each individual term in the functional derivative 
to zero. This leads to an overdetermined system of nonlinear equations. At each iteration, the equations are linearized 
using a quasi-Newton method so that a system of linear equations in the deviations Atf « - - cf\ is obtained. 
Here, of] is the value of the function q(z) in the l-th pixel at the n-th iteration. The functional derivatives of the entropy 
55 and logarithmic smoothing terms are linear in the deviations Ao/j because of the transformation in Eq. 2. That is, at the 
(n+1)-th iteration, setting the derivatives to zero results in linear equations of the form, 



jAq f +^7/ - 0, (4) 



from the entropy and 



/}£ H lm Aq: + /?£ H lm ql = 0 , (5) 



from the logarithmic smoothing term. In the above equations, the index 1=1 ,...,N where N is the number of unknowns. 
The factors a and P should not be canceled since they represent weighting factors in the least squares solution of the 
50 overdetermined system of equations. The resulting equations are linearized at each iteration by making a Taylor's 
series expansion, i.e., 



V> {«<->} = V> {q'} + ± Aq :a : . (6) 



A system of linearized equations for the j-th array can be written in the form, 
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Note, the summations over the Index k in Eqs. 8 and 9 are in the data space whereas in Eqs. 5 and 7, the index m is 
in the solution space. The derivatives in Eqs. 8 and 9 can be approximated. The linear system of overdetermined 
equations defined by Eqs. 4-5 and Eq. 7 is solved for the deviations Acfl at each iteration using a least squares band 
solver. Using Eq. 2, the formation conductivity at each iteration is obtained, i.e., 



D+1 n ( n\ 
o f =o f exp[Aq, J. 



(10) 



[0013] Referring to Fig. 5, a flowchart of the method for evaluating the resistivity of invaded formations at high ap- 
parent dip angle is illustrated. At step 100, the data for the voltages V J k recorded by the sonde 10 are stored in the 
memory of processing system 48. At step 110, a subset of arrays from the multi-array induction sonde 10 are selected 
to identify the conductivity profile. The subset of arrays comprises any combination of two or more arrays. The com- 
bination provides better thin bed resolution and depth of investigation than processing each array singly. 
[0014] During the initialization phase, step 120, the voltages l/> for the subset of arrays are examined and an initial 
estimate of the formation conductivity profile o) is produced. The forward model calculation is performed at step 130. 
The model into which the logs are inverted consists of a series of thin formation layers of identical thickness, e.g., 3 
inches or 6 inches. The layer thickness is defined in a direction perpendicular to the bedding planes. The estimate 
of the conductivity profile is input to the forward model calculation and the model outputs computed subset voltages v/ . 
At step 140, A! lm , matrix elements at the n-th iteration in the quasi-Newton algorithm defined in Eqs. 7 and 9, are 
calculated. Also, Bj , vector at the n-th iteration in the quasi-Newton algorithm defined in Eqs. 7 and 8, is calculated. 
Further, at step 140, the linear system of overdetermined equations defined by Eqs. 4-5 and Eq. 7 are solved for the 
deviations Acf] at each iteration. The updated conductivity profile, o^ +1 , is then computed according to Eq. 10 from 
the estimate of the conductivity profile o n f and the deviation Acf] After determining the updated conductivity profile, a 
convergence test is performed at step 150 to ascertain whether \o° + -aj] / o n f « e, where e is a very small number. 
If this condition is not true, another iteration begins by incrementing n by 1 , saving o^ +1 , and returning to step 130. 
On the other hand, if this condition is true, at step 160, an estimate of the formation parameters at the depth of inves- 
tigation and the deeper of the array pairs are determined. By processing a subset of arrays, with a 1 D maximum entropy 
inversion, the distortions produced by dip and shoulder bed can be effectively removed. Further, by processing a subset 
of arrays, the conductivity profile a^ +1 is substantially identical to that of the subset of arrays in a thick bed with the 
same invasion profile. 

[0015] Because of lower high-frequency content of the deep arrays, the inverted deep array data will have a different 
vertical resolution than the inverted shallow array data. In a preferred embodiment of the invention, the inverted subset 
array data are matched vertically in resolution by extracting the high-frequency information from the shallow array data 
present in the subset of arrays and adding this to low-pass filtered information from the deep array data present in the 
subset of arrays. A depth of investigation different from that of the raw arrays can be derived by means disclosed in 
U. S. Pat. No. 5,157,605 by weighting the filtered data to refocus the data radially. 

[0016] As previously described in this section, Fig. 3 shows a computed array induction log in a formation. The log 
on the right is computed at 0° dip and the log on the I ft, which shows a blending of adjac nt layers, is computed at 
70° dip. Fig. 6 represents the same modeled formation as d picted in Fig. 3 at 0° dip and at 70° dip after applying the 
subject invention to the data. Application of the subject invention to the induction data graphically depicts the conduc- 
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tivity of each distinct layer and effectively removes the distortions produced by dip and shoulder bed. 
[0017] Referring to Fig 7, if invasion is present, the maximum entropy logs will spread out. The maximum entropy 
method inversion, as applied to an invaded formation in accordance with the subject invention, results in resistivity 
logs whereby a subset of shallow arrays provide a resistivity reading closer to R xo and a subset of deeper arrays provide 

5 a resistivity reading closer to R t . Referring to Figs. 8 and 9, the resistivity profile of a modeled invaded formation at 60° 
and 75° dip, respectively, is substantially identical to that provided by the subset of arrays in thick beds of vertical wells 
with the same invasion profile. These figures illustrate an advantageous means for obtaining the true resistivity of a 
formation at high dip angle in the presence of invasion. The algorithm of the subject invention is robust when there is 
invasion of drilling fluids into the formation and the borehole is deviated or the beds dip with respect to the borehole. 

10 The results of the maximum entropy method inversion, as applied to an invaded formation in accordance with the 
subject invention, are still not corrected for invasion. Since the maximum entropy inverted array pair data have a definite 
depth of investigation, as illustrated in Fig. 8, a 1 D radial inversion of the resulting logs at each point in depth will give 
a closer estimate of the actual formation parameters, R xo , R t , and the invasion radius. Such a 1 D radial inversion is 
described in U. S. Pat. No. 5,355,088 issued to Allen Q. Howard, Jr., the disclosure of which is incorporated by reference 

is into this specification. Fig. 10 shows the results of applying the sequential processes of maximum entropy inversion 
followed by 1D radial inversion to the array induction log data of Fig. 7. 

[0018] In an alternate embodiment of the invention, signals from a subset of coils 12, 16, 20, 28, 32, 36, 40, and 44 
of the array are selected to probe different volumes of the formation surrounding the borehole. The method of the 
alternate embodiment of the invention uses the dip correction method described in LL S. Pat. No. 5,184,079 to process 

20 data from the subset of coils to effectively remove distortions produced by shoulder and dip effect in the presence of 
shallow, moderate, or deep invasion. The dip correction method uses an inverse filter derived from response functions 
that describe mathematically the response of the induction sonde as it crosses the bedding planes at an angle other 
than perpendicular. At a given fixed angle, this response function is unique. The inverse filter is computed to correct 
the distortions in the response introduced by the apparent dip angle and to return to a response that would have been 

2S obtained if the induction sonde had been disposed perpendicular to the bedding planes. The filters are derived from 
response functions computed after the logs have been corrected to the true bed thickness reference frame to remove 
the geometrical effects of a longer path through the formation when the borehole is not perpendicular to the bedding 
planes. Such filters are computed for angles every 10° and the correct result is obtained from interpolation between 
the defined filter angles. After processing the data, the resulting multi-array induction log will indicate a conductivity 

30 profile for the subset of coils which is substantially identical to that of an array in a thick bed, without dip or layering, 
with the same invasion profile. 

[0019] Referring to Fig. 11 , a flowchart of an alternate method for evaluating the resistivity of invaded formations at 
high apparent dip angle is illustrated. At step 200, the apparent dip angle and two nearest defined dip angles, a1 and 
a2, are determined. At step 210, a subset of arrays from the multi-array induction sonde 10 are selected to identify the 

35 conductivity profile. The subset of arrays comprises any combination of two or more arrays. The combination provides 
better thin bed resolution and depth of investigation than processing each array singly. At step 220, the data lor the 
subset of arrays is converted to True Bed Thickness (TBT) format and processed to remove the geometric distortion. 
At step 230, process the converted data for the subset of arrays with two filters h(a1 ) and h(a2) where h(a1 ) is a function 
of one of the two nearest defined dip angles of step 200 and filter h(a2) is a function of the other of the two nearest 

40 defined dip angles of step 200 to produce two formation parameters, sigma F (a1) and sigma F (a2), associated with a 
formation traversed by a borehole at the nearest defined dip angles. At step 240, interpolate to determine a value for 
sigma F based on the two nearest defined dip angles of step 200, the two formation parameters sigma F (a1 ) and sigma f 
(a2) of step 230, and the apparent dip angle determined in step 200. At step 250 ; an estimate of the formation param- 
eters R xo , R t , and the invasion radius are determined. 

45 [0020] The foregoing description of the preferred and alternate embodiments of the present invention have been 
presented for purposes of illustration and description. It is not intended to be exhaustive or limit the invention to the 
precise form disclosed. Obviously, many modifications and variations will be apparent to those skilled in the art. The 
embodiments were chosen and described in order to best explain the principles of the invention and its practical ap- 
plication thereby enabling others skilled in the art to understand the invention for various embodiments and with various 

so modifications as are suited to the particular use contemplated. It is intended that the scope of the invention be defined 
by the accompanying claims and their equivalents. 
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Claim 

1 . A method for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal data 
from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole traverses 
a formation which includes a plurality of bedding planes, the method comprising the steps of: 
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a) selecting a subset of arrays from the plurality of arrays; 

b) obtaining voltage signal data from the subset of arrays; 

c) repeatedly determining an initial estimate of a conductivity profile of the formation from the data obtained 
in step (b) and producing a plurality of initial estimates of the conductivity profile; 

d) determining model voltages associated with each of the initial estimates of the conductivity profile; 

e) updating each of the initial estimates of the conductivity profile using the respective incremental values 
determined during the determining step (d) to perform the updating step and producing a plurality of updated 
conductivity profiles; 

f) testing to determine which one of the plurality of updated conductivity profiles, when compared with the 
respective plurality of initial estimates of the conductivity profiles, satisfies a convergence test criteria, the one 
updated conductivity profile which satisfies the convergence test criteria being the desired updated conductivity 
profile; 

g) recording the desired updated conductivity profile on an output record medium; and, 

h) determining the radial depth of invasion into the formation based upon the selected subset of arrays. 

The method of claim 1 wherein step (a) further comprises selecting a plurality of adjacent arrays having different 
depths of invasion into the formation. 

The method of claim 1 wherein the radial depth of invasion into the formation is approximately equal to the radial 
depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

The method of claim 2 wherein the radial depth of invasion into the formation is approximately equal to the radial 
depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

A method for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal data 
from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole traverses 
a formation which includes a plurality of bedding planes, the method comprising the steps of: 

a) selecting a subset of arrays from the plurality of arrays; 

b) obtaining voltage signal data from the subset of arrays; 

c) repeatedly determining an initial estimate of a conductivity profile of the formation from the data obtained 
in step (b) and producing a plurality of initial estimates of the conductivity profile; 

d) determining model voltages associated with each of the initial estimates of the conductivity profile; 

e) updating each of the initial estimates of the conductivity profile using the respective incremental values 
determined during the determining step (d) to perform the updating step and producing a plurality of updated 
conductivity profiles; 

f) testing to determine which one of the plurality of updated conductivity profiles, when compared with the 
respective plurality of initial estimates of the conductivity profiles, satisfies a convergence test criteria, the one 
updated conductivity profile which satisfies the convergence test criteria being the desired updated conductivity 
profile; 

g) recording the desired updated conductivity profile on an output record medium; and, 

h) estimating a formation parameter. 

The method of claim 5 further comprising the step of matching the vertical resolution of shallow and deep array 
data provided by the subset of arrays. 

The method of claim 6 further comprising the step of weighting the vertically resolved data to derive the depth of 
invasion into the formation. 

A method for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal data 
from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole traverses 
a formation which includes a plurality of bedding planes, the method comprising the steps of: 

a) determining an apparent dip angle repr s nting an angle betwe n a longitudinal axis of the borehole and 
an axis perpendicular to the bedding planes; 

b) selecting a subset of arrays from the plurality of arrays; 

c) obtaining voltage signal data from the subset of arrays; 

d) converting the data obtained in step (c) to true bed thickness (TBT) format thereby producing TBT converted 
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data; 

e) processing and correcting the TBT converted data to reduce shoulder bed effects at approximately zero 
dip angle thereby producing processed, converted data; 

f) determining two filters h(a1) and h(a2) as a function of two angles a1 and a2, where the two angles are 
related to the apparent dip angle as follows, a1<the apparent dip angle<a2, the two filters h(a1) and h(a2) 
each being determined as a function of their angles a1 and a2 in accordance with the following expression, 

^h(z-z')g(z')dz' = S{z-z') 

where Sfz-z 1 ) is the Dirac delta function and g(z) is determined in accordance with the following expression, g 
(z) = a^; 

g) determining two values, sigma F (a1) and sigma F (a2), as a functiuon of the two filters h(a1) and h(a2), re- 
spectively, and as a function of the processed converted data of step (e) in accordance with the following 
expression, where the two values are parameters representing the conductivity profile data at angles a1 and a2, 



(V-I)/2 

<?>(./)= Z^OOot/-*); 



h) interpolating to determine a value, sigma F , as a function of the apparent dip angle representing a parameter 
of the formation at the apparent dip angle using the two values of step (g), the two angles, and the apparent 
dip angle of step (f), the value, sigma F , being the output signal, and, 

i) determining the radial depth of invasion into the formation based upon the selected subset of arrays. 

9. The method of claim 8 wherein step (b) further comprises selecting a plurality of adjacent arrays having different 
depths of invasion into the formation. 

10. The method of claim 8 wherein the radial depth of invasion into the formation is approximately equal to the radial 
depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

11. The method of claim 9 wherein the radial depth of invasion into the formation is approximately equal to the radial 
depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

12. A method for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal data 
from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole traverses 
a formation which includes a plurality of bedding planes, the method comprising the steps of: 

a) determining an apparent dip angle representing an angle between a longitudinal axis of the borehole and 
an axis perpendicular to the bedding planes; 

b) selecting a subset of arrays from the plurality of arrays; 

c) obtaining voltage signal data from the subset of arrays; 

d) converting the data obtained in step (c) to true bed thickness (TBT) format thereby producing TBT converted 
data; 

e) processing and correcting the TBT converted data to reduce shoulder bed effects at approximately zero 
dip angle thereby producing processed, converted data; 

f) determining two filters h(a1) and h(a2) as a function of two angles a1 and a2, where the two angles are 
related to the apparent dip angle as follows, a1<the apparent dip angle<a2, the two filters h(a1) and h(a2) 
each being determined as a function of their angles a1 and a2 in accordance with the following expression, 



£/i(z - z')g(z')dz' = 8(z -z') 
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where Sfz-z 1 ) is the Dirac delta function and g(z) is determined in accordance with the following expression, g 

g) determining two values, sigma F (a1) and sigma F (a2), as a functiuon of the two filters h(a1) and h(a2), re- 
spectively, and as a function of the processed converted data of step (e) in accordance with the following 

5 expression, where the two values are parameters representing the conductivity profile data at angles a1 and a2, 

(W-l)/2 

10 »— (yv-i)/2 

h) interpolating to determine a value, sigma F , as a function of the apparent dip angle representing a parameter 
of the formation at the apparent dip angle using the two values of step (g), the two angles, and the apparent 
dip angle of step (f), the value, sigma F , being the output signal, and, 

75 j) estimating a formation parameter. 

13. The method of claim 12 further comprising the step of matching the vertical resolution of shallow and deep array 
data provided by the subset of arrays. 

20 1 4. The method of claim 1 3 further comprising the step of weighting the vertically resolved data to derive the depth of 
invasion into the formation. 

15. An apparatus for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal 
data from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole 

2S traverses a formation which includes a plurality of bedding planes, comprising: 

a) means for selecting a subset of arrays from the plurality of arrays; 

b) means for obtaining voltage signal data from the subset of arrays; 

c) means for repeatedly determining an initial estimate of the conductivity profile of the formation from the data 
30 obtained in step (b) and means for producing a plurality of initial estimates of the conductivity profile; 

d) means for determining model voltages associated with each of the initial estimates of the conductivity profile; 

e) means for updating each of the initial estimates of the conductivity profile using the respective incremental 
values determined during the determining step (d) to perform the updating step and means for producing a 
plurality of updated conductivity profiles; 

35 f) means for testing to determine which one of the plurality of updated conductivity profiles, when compared 

with the respective plurality of initial estimates of the conductivity profiles, satisfies a convergence test criteria, 
the one updated conductivity profile which satisfies the convergence test criteria being the desired updated 
conductivity profile; 

g) means for recording the desired updated conductivity profile on an output record medium; and, 
40 h) means for determining the radial depth of invasion into the formation based upon the selected subset of 

arrays. 

16. The apparatus of claim 15 wherein the means for selecting a subset of arrays from the plurality of arrays further 
comprises means for selecting a plurality of adjacent arrays having different depths of invasion into the formation. 

45 

17. The apparatus of claim 15 wherein the radial depth of invasion into the formation is approximately equal to the 
radial depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

18. The apparatus of claim 16 wherein the radial depth of invasion into the formation is approximately equal to the 
so radial depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

19. An apparatus for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal 
data from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole 
traverses a formation which includes a plurality of bedding planes, comprising: 

55 

a) means for selecting a subset of arrays from the plurality of arrays; 

b) means for obtaining voltage signal data from the subset of arrays; 

c) means for repeatedly determining an initial estimate of the conductivity profile of the formation from the data 
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obtained in step (b) and means for producing a plurality of initial estimates of the conductivity profile; 

d) means for determining model voltages associated with each of the initial estimates of the conductivity profile; 

e) means for updating each of the initial estimates of the conductivity profile using the respective incremental 
values determined during the determining step (d) to perform the updating step and means for producing a 

s plurality of updated conductivity profiles; 

f) means for testing to determine which one of the plurality of updated conductivity profiles, when compared 
with the respective plurality of initial estimates of the conductivity profiles, satisfies a convergence test criteria, 
the one updated conductivity profile which satisfies the convergence test criteria being the desired updated 
conductivity profile; 

10 g) means for recording the desired updated conductivity profile on an output record medium; and, 

h) means for estimating a formation parameter. 

20. The apparatus of claim 1 9 further comprising means for matching the vertical resolution of shallow and deep array 
data provided by the subset of arrays. 

15 

21 . The apparatus of claim 20 further comprising means for weighting the vertically resolved data to derive the depth 
of invasion into the formation. 

22. An apparatus for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal 
20 data from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole 

traverses a formation which includes a plurality of bedding planes, comprising: 

a) means for determining an apparent dip angle representing an angle between a longitudinal axis of the 
deviated borehole and an axis perpendicular to the bedding planes; 
25 b) means for selecting a subset of arrays from the plurality of arrays; 

c) means for obtaining voltage signal data from the subset of arrays; 

d) means for converting the data obtained in step (c) to true bed thickness (TBT) format thereby producing 
TBT converted data; 

e) means for processing and correcting the TBT converted data to reduce shoulder bed effects at approximately 
30 zero dip angle thereby producing processed, converted data; 

f) means for determining two filters h(a1) and h(a2) as a function of two angles a1 and a2, where the two 
angles are related to the apparent dip angle as follows, a1<the apparent dip angle<a2, the two filters h(a1) 
and h(a2) each being determined as a function of their angles a1 and a2 in accordance with the following 
expression, 



35 



«-oO 



to where 6(z-z") is the Dirac delta function and g(z) is determined in accordance with the following expression, g 

g) means for determining two values, sigma F (a1 ) and sigma F (a2), as a function of the two filters h(a1) and h 
(a2), respectively, and as a function of the processed converted data of step (e) in accordance with the following 
expression, where the two values are parameters representing the conductivity profile data at angles a1 and a2, 

45 

{N-Wl 

<*f U) = Z K (»)*C/ - ") ; 

n°-(A f -l)/2 

50 

h) means for interpolating to determine a value, sigma F , as a function of the apparent dip angle representing 
a parameter of the formation at the apparent dip angle using the two values of step (g), the two angles, and 
the apparent dip angle of step (f), the value, sigma F , being the output signal, and, 

55 j) means for determining the radial depth of invasion into the formation based upon the selected subset of 

arrays. 

23. The apparatus of claim 22 wherein the means for selecting a subset of arrays from the plurality of arrays further 
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comprises means for selecting a plurality of adjacent arrays having different depths of invasion into the formation. 

24. The apparatus of claim 22 wherein the radial depth of invasion into the formation is approximately equal to the 
radial depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

5 

25. The apparatus of claim 23 wherein the radial depth of invasion into the formation is approximately equal to the 
radial depth of invasion of the single array in the subset of arrays having the deepest depth of invasion. 

26. An apparatus for evaluating the resistivity of invaded formations at high apparent dip angle utilizing voltage signal 
10 data from an induction tool disposed in a borehole, the tool having a plurality of arrays, wherein the borehole 

traverses a formation which includes a plurality of bedding planes, comprising: 

a) means for determining an apparent dip angle representing an angle between a longitudinal axis of the 
deviated borehole and an axis perpendicular to the bedding planes; 
is b) means for selecting a subset of arrays from the plurality of arrays; 

c) means for obtaining voltage signal data from the subset of arrays; 

d) means for converting the data obtained in step (c) to true bed thickness (TBT) format thereby producing 
TBT converted data; 

e) means for processing and correcting the TBT converted data to reduce shou Ider bed effects at approximately 
20 zero dip angle thereby producing processed, converted data; 

f) means for determining two filters h(a1) and h(a2) as a function of two angles a1 and a2, where the two 
angles are related to the apparent dip angle as follows, a1<the apparent dip angle<a2, the two filters h(a1) 
and h(a2) each being determined as a function of their angles a1 and a2 in accordance with the following 
expression, 



25 



35 



40 



45 



[^h(z - z'teiz^cfr = S(z - z') 



30 where h{z-z > ) is the Dirac delta function and g(z) is determined in accordance with the following expression, g 



g) means for determining two values, sigma F (a1 ) and sigma F (a2), as a function of the two filters h(a1 ) and h 
(a2), respectively, and as a function of the processed converted data of step (e) in accordance with the following 
expression, where the two values are parameters representing the conductivity profile data at angles a1 and a2, 

(N-l)/2 

&f U) = Z h a (w)cr(y - n) ; 

* — (N-l)/2 

h) means for interpolating to determine a value, sigma F , as a function of the apparent dip angle representing 
a parameter of the formation at the apparent dip angle using the two values of step (g), the two angles, and 
the apparent dip angle of step (f), the value, sigma F , being the output signal, and, 

i) means for estimating a formation parameter. 

27. The apparatus of claim 26 further comprising means for matching the vertical resolution of shallow and deep array 
data provided by the subset of arrays. 

28. The apparatus of claim 27 f urther comprising means for weighting the vertically resolved data to derive the depth 
50 of invasion into the formation. 



55 



BNSOOCID: <EP__0930519A2_I_> 



11 



EP0 930 519 A2 




EP 0 930 519 A2 



RESISTIVITY(ohm-m) 
10 100 1000 

"I 1 M il l 



RESISTIVITY (ohm-m) 

10 100 1000 




10 in. — 

20in. — 

30 in. — 

60in. — 



FIG. 3 



BNSDOCID: <EP 093051 9A2_L> 



13 



EP0 930 519 A2 




u: 




BNSDOCID: <EP 093051 9A2_I_> 



14 



EP0 930 519 A2 



wo- 



STORE VOLTAGE DATA 
IN MEMORY 



110 



SELECT SUBSET OF 
ARRAYS FOR APPROPRIATE 
DEPTH INVESTIGATION 



120 



COMPUTE INITIAL ESTIMATE 
OF FORMAT/ON 
CONDUCTIVITY 








PERFORM FORWAI 
CALCULATION AND 
SUBSET VOLTAGES 


ID MODEL 
COMPUTE 



130 



1 



SOLVE LINEAR SYSTEM OF EQUATION 
FOR DEVIATION Agf 

UPDATE ESTIMATE OF FOR MAT ION 
CONDUCTIVITY 



110 




FIGS 



BNSDOCID: <EP 093051 9A2_I_> 



15 



EP 0 930 519 A2 



RESISTIVITY (ohm -m) RESISTIVITY (ohm-m) 

10 100 1000 10 100 . 1000 




Ft. 

10 in. 

20 in. 

30 in. 



60 in. 

90 in. 

FIG. 6 



16 



EP 0 930 519 A2 



INVASION 

RADIUS (in.) 



■90-60-30 0 30 60 90 



RESISTIVITY (ohm-m) 
1.0 10.0 100.0 



1000.0 




FIG. 7 



093051 9A2 I > 



17 



EP 0 930 519 A2 



INVASION 

RADIUS (in.) 
90-60-30 0 30 60 90 10 

JO I — I I M il l 



RES IS TIVITY(ohm-m) 

10.0 100.0 1000.0 



J , 


r 1 1 


















1 — 




; 




! 




ri 


r 




















- 








HOLED/A. 9-12 39-72 

rj 15-21 R xo 

21-27 R t 

27-39 THICK 500000000000 



FIG. 8 



18 



EP 0 930 519 A2 



INVASION 

RADIUS (in.) 
90 60 30 0 30 60 90 

— i r~ 



20 
40 
60 
80 



100 
120 
HO 
160 
WO 
200 
220 
240 
260 
260 
300 



320 



1.0 



RESISTIVITY (ohm-m) 

10.0 100.0 1000.0 



i nun 


j - i | rn 1 1 1 


I I 1 1 II II 


I 1 1 1 \ 1 II 




-v- 


MAX 


' ENT 75° 




— 


















— — 
























>/ o/o 


w 










1 / 










1 




t 
















1 ( 

1 


■ A 


:/ 










< 
< 

1 


OOOO 












1 
















tf- — 





























HOLE DIA. 



Ft. 



9-12 



39-72 



15-21 — — Ry 0 

21-27 R t 

27-39 /"W/CKOOOOOOOOOOO 



FIG. 9 



093051 9 A2 I > 



19 



EP 0 930 519 A2 



INVASION 
RADIUS (in.) 
-90-60-30 0 30 60 90 





• i i 






















f 








-73-i 










T ' 




i 




rt 











RESISTIVITY(ohm-m) 

10 10.0 100.0 1000.0 

-i — i i 1 1 1 1 ii 



n 

Ha 




FIG. 10 



20 



